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We present a study of the dynamic magnetic properties of TiN-buffered epitaxial thin films of
the Heusler alloy Fe1.5CoGe. Thickness series annealed at different temperatures are prepared and
the magnetic damping is measured, a lowest value of α = 2.18 × 10−3 is obtained. The perpen-
dicular magnetic anisotropy properties in Fe1.5CoGe/MgO are also characterized. The evolution
of the interfacial perpendicular anisotropy constant K⊥S with the annealing temperature is shown
and compared with the widely used CoFeB/MgO interface. A large volume contribution to the
perpendicular anisotropy of (4.3 ± 0.5) × 105 J/m3 is also found, in contrast with vanishing bulk
contribution in common Co- and Fe-based Heusler alloys.
The need for strong perpendicular magnetic anisotropy
(PMA) [1–5] and low damping properties [6–9] in next-
generation spin-transfer-torque magnetic memory (STT-
MRAM) generates a large interest towards Heusler alloys.
In addition, large tunneling magnetoresistance (TMR)
ratios with MgO tunneling barriers have been reported
for several of them [10, 11]. For the application in devices
based on spin transfer torque switching, a low damp-
ing parameter α is important since the critical switching
current is proportional to αM2S [12] for in-plane magne-
tized films. With perpendicular magnetization, the crit-
ical current is further reduced and it is proportional to
αMS [13]. Therefore, a large effort is directed to study
the PMA properties of Heusler alloys with low damping.
For the PMA of thin Heusler films, the interface-
induced perpendicular anisotropy is essential and its
strength is given by the perpendicular interfacial
anisotropy constant K⊥S . The interface properties, and
therefore the value of K⊥S , are strongly influenced by the
conditions of the annealing, which is required to improve
the crystalline order of the Heusler and MgO layers and
to achieve large TMR values.
Here, we report on the evolution of the PMA proper-
ties with annealing of the PMA properties in Fe1.5CoGe
with a MgO interface, by measuring different thickness
series and a comparison is made with the well-known
CoFeB/MgO interface. The Gilbert damping parameter
α change with varying thickness and annealing tempera-
ture is also discussed.
The films were grown by sputtering, Rf-sputtering was
used for the MgO deposition and dc-sputtering for the
rest. For Fe1.5CoGe, the layer stack is MgO(S) / TiN(30)
/ Fe1.5CoGe(d) / MgO(7) / Si(2) with d = 80, 40, 20,
15, 11 and 9 nm. Four series were deposited and three of
them annealed for one hour at 320◦C, 400◦C and 500◦C.
For CoFeB, the layer stack structure is MgO(s) / Ta(5)
/ Ru(30) / Ta(10) / MgO(7) / CoFeB(d) / MgO(7) /
Ta(5) / Ru(2) d = 80, 40, 20, 15, 11, 9, 7 and 5 nm. The
annealing was performed at 325◦C and 360◦C.
FIG. 1. (Color online) (a) X-ray diffraction patterns of 40 nm
thin Fe1.5CoGe layers as-deposited, and annealed at 500
◦C.
The (002) superlattice and the fundamental (004) peak of
the Fe1.5CoGe are clearly visible, confirming the partial B2
crystalline order. (b) X-ray reflectometry data corresponding
to the samples in (a).
The dynamic properties and material parameters were
studied by measuring the ferromagnetic resonance using
a strip-line vector network analyzer (VNA-FMR). For
this, the samples were placed facing the strip-line and
the S12 transmission parameter was recorded.
Crystallographic properties of the CFA thin films were
2FIG. 2. (Color online) Linewidth dependence on the fre-
quency for Fe1.5CoGe thin films with a thickness of 20 nm
for different annealing temperatures. The data sets have a
vertical offset to improve visibility. The lines correspond to
a linear fit to extract the damping parameter α. The hollow
points are not considered for the fits (see main text).
determined using x-ray diffraction (XRD) measurements
in a Philips X’Pert Pro diffractometer equipped with a
Cu anode.
The XRD data corresponding to two 40 nm thick sam-
ples in the as-deposited state and annealed at 500◦C are
shown in Fig. 1(a). The (002) superlattice and the funda-
mental (004) peak of Fe1.5CoGe can be observed already
for the as-deposited state but they experience a strong
intensity increase with the thermal treatment. The TiN
layer acts as a seed layer and its role in improving growth
has been reported also for other alloys [1, 14]. Due to
the similar lattice constant of TiN and MgO, the TiN
film diffraction peaks are close to the substrate reflec-
tions and therefore difficult to separate. The films are
B2-ordered, the presence of the (111) is not proven and
therefore L21 order cannot be confirmed.
Figure 1(b) shows X-ray reflectometry (XRR) data for
the same films as in the (a) panel. The large number
of oscillations prove the low roughness of the interfaces.
This is due to the low roughness below 1 nm of the TiN
buffer [14]. The similarity between both data sets also
proves that the topology of the interfaces do not vary in
the studied temperature range.
Figure 2 shows the dependence of the field linewidth
∆H of the FMR peak on the resonance frequency fFMR
for the sample series with no thermal treatment (as-
deposited) and for the series annealed at 320◦C and
400◦C. In order to prevent poor visibility due to data
overlapp, the sets are shifted in the vertical axis, except
the one corresponding to 320◦C. The actual linewidth at
6 GHz is in the range 3.25±0.15 mT. The lines represent
the result to a linear fit to Eq. 1 to extract the damping
FIG. 3. (Color online) Dependence of the Gilbert damping
parameter α on the thickness d for three sample series: as-
deposited, annealed at 320◦C, and annealed at 400◦C.
parameter α:
µ0∆H = µ0∆H0 +
4piαfFMR
γ
. (1)
Here, ∆H0 is the inhomogenous broadening and is related
to film quality, and γ is the gyromagnetic ratio.
A deviation from this simple linear behavior is ob-
served for the lower frequency range and these points
have not been considered for the fit (hollow circles). This
faster increase of linewidth with frequency is common
in fully epitaxial Heusler layers [7, 15] and has been re-
lated with an increased anisotropic two-magnon scatter-
ing in the thin films for low frequency values resulting
in an anisotropic ∆H . This anisotropy is not exclusive
to Heusler alloys but it is expected in any epitaxial fer-
romagnetic film [16–18]. The exact conditions for ob-
servation, however, depend on the material parameters
and the spin-wave dispersion. For instance, in epitaxial
Fe films, the low frequency ∆H behavior deviates only
from a linear behavior when magnetic dragging due to
crystalline anisotropy is dominant [19].
An additional sample set annealed at 500◦C showed no
visible FMR peak pointing to a degradation of the mag-
netic properties of Fe1.5CoGe for high annealing temper-
ature. This is in constrast with Co-based Heusler alloys
where large temperatures are typically required for opti-
mal properties. For instance, for Co2FeAl, lowest damp-
ing is achieved at 600◦C [7] and for Co2MnSi, very low
damping is still present at 750◦C [20].
The results for the damping parameter α obtained
from the linear fits are summarized in Fig. 3. A re-
duction of damping is observed when comparing the as-
deposited samples to the annealed ones but the sam-
ples annealed at 400◦C show larger damping than the
ones annealed at 320◦C. Combined with the absence of
3FIG. 4. (Color online) Dependence ofMeff extracted from the Kittel fit on the inverse thickness 1/d for three Fe1.5CoGe sample
series: as-deposited, annealed at 320◦C and annealed at 400◦C. The lines are a fit to Equation 2. The inset shows the evolution
of K⊥S with the annealing temperature.
an FMR peak for 500◦C, this reinforces the conclusion
that the optimal annealing temperature for good dy-
namic properties of Fe1.5CoGe is low. The lowest damp-
ing is 2.18 ± 0.03 × 10−3 for the 20 nm thick film an-
nealed at 320◦C. For Co-based Heusler alloys, the lowest
reported damping is achieved to be 7× 10−4 in Co2MnSi
[20]. For Co2FeAl, values around 1-3×10
−3 are reported
depending on the annealing conditions [7, 8]. Concern-
ing Fe-based alloys, values in the range of 1.2-1.9×10−3
are reported for Fe1+xCo2−xSi [9], for Fe2Cr1−xCoxSi α
varies between 9×10−3 with the lowest value of 8×10−4
for Fe2CoSi [21]. Therefore, the obtained value for the
damping parameter in our alloy is in the lower range of
previously reported ones and slighty reduced compared
to those reported for the related alloy CoFeGe [22]. It
is also smaller than the ones reported for widely used
polycrystalline CoFeB [23, 24] and permalloy [25–28].
The thickness dependence of α shows a minimum
around 20 nm and an increase for larger and smaller
thicknesses. This behavior has been already observed
for Co2FeAl [8], and the reasons are similar to that al-
loy and different for the two thickness ranges. For soft
magnetic thin films, a strong damping increase with in-
creasing thickness is expected starting at a certain value.
An example can be found for NiFe in the literature [29].
The reason is a non-homogeneous magnetization state
for thicker films which opens new loss channels via in-
creased magnon scattering. For the thinner films, the
damping increase is due to two reasons. When the thick-
ness is reduced and the effect of the interface anisotropy
is becoming larger the magnetization state is becoming
more inhomogeneous due to the counterplay between the
demagnetization field and the anisotropy field [30]. In
addition, other effects related to an increased role of sur-
face roughness with decreasing film thickness play also a
role.
The effective magnetization Meff is extracted using a
fit to Kittel’s formula [31] to the dependence of the reso-
nance field HFMR on the resonance frequency fFMR. For
a more detailed description of the FMR measurement
and analysis procedure see Ref. [32]. Meff is related to
the saturation magnetization of the film by [34–36]
Meff =Ms −H
⊥
K
=Ms −
1
µ0Ms
(
K⊥S
d
+K⊥V
)
(2)
where K⊥S and K
⊥
V are the perpendicular surface (or in-
terfacial) and the bulk anisotropy constants, respectively.
Figure 4 shows the dependence of Meff on the inverse
thickness 1/d for the three sample series: as-deposited,
annealed at 320◦C and annealed at 400◦C. The slope
provides the value of K⊥S . The constant shows a positive
value for the as-deposited series, 0.41± 0.12 mJ/m2, i.e.
favouring a perpendicular orientation of the magnetiza-
tion. However, the value is small in absolute value and
it grows only slighthy upto 0.51± 0.17 mJ/m2 when the
samples are treated at 320◦C. The annealing at 400◦C
changes the situation drastically. The value of K⊥S is
much larger, −1.36 ± 0.14 mJ/m2, but it also suffers a
change of sign which implies that the interface induces
an in-plane orientation of the magnetization. It is re-
markable that this change of the magnetic properties of
the interface developes without a large modification of
the morphology, as proven by the XRR data shown in
Fig. 1(b). The inset in Fig. 4 summarizes the depen-
dence of K⊥S on the annealing temperature.
Taking into account the saturation magnetization Ms
obtained by alternating gradient magnetometer (AGM),
1100±120 kA/m, it is possible to determine also the vol-
ume contribution to the perpendicular anisotropy to be
(4.3± 0.5)× 105 J
m3
. This large value ensures, that for a
1.5 nm thin film and even for the 320◦C case, the PMA
properties are dominated by the bulk contribution. Re-
cently, we reported on the evolution of the PMA prop-
erties of the Co2FeAl/MgO interface [8] and the situa-
tion is very different for that alloy. First, no interface-
4generated PMA is present in the as-deposited samples
and it only appears after annealing. Second, K⊥S is al-
ways positive and larger than for Fe1.5CoGe/MgO and
the absence of a remarkable volume contribution makes
the PMA there controlled only by the interface. Also in
the related alloy Co20Fe50Ge30 there is no bulk contri-
bution to the perpendicular anisotropy and a interface
contribution (0.9 mJ/m2) larger than that obtained here
[33]. The most probable reason for the difference is the
lower Fe content in our case. The presence of this strong
bulk contribution to PMA is quite remarkable since it is
absent in common Co- and Fe-based Heusler alloys and
only observed in tetragonally distorted MnGa or MnGe
related Heusler alloys [37–39].
For comparison, the PMA properties of the widely used
CoFeB/MgO interface were also measured. The data
is shown in Fig. 5 for annealing temperatures of 325◦C
and 360◦C. An as-deposited series was not characterized
since CoFeB is amorphous in that state. The lines are
a fit to Eq. 2 with a prefactor 2 before K⊥S to account
for the presence of two interfaces since a trilayer system
MgO/CoFeB/MgO was used.
The CoFeB/MgO interface shows a robust interface
perpendicular anisotropy, three times larger than for
Fe1.5CoGe/MgO, and slighty decreases with tempera-
ture. The bulk contribution is zero or too small to be
FIG. 5. (Color online) Dependence of Meff extracted
from the Kittel fit on the inverse thickness 1/d for two
MgO/CoFeB/MgO sample series: annealed at 325◦C and an-
nealed at 360◦C. The lines are a fit to Equation 2 with a
prefactor 2 (see text).
detectable. These results are comparable to the liter-
ature [40–42]. From this we conclude that while the
Co2FeAl [8] and CoFeB/MgO are very similar in absolute
values, thermal evolution and relative weight of interface
and bulk contribution to PMA, Fe1.5CoGe/MgO differs
strongly.
A comment must be made concerning the relation be-
tween the values of K⊥S shown in Fig. 4 and the increase
in damping for the thinnest films shown in Fig. 3. When
discussing the increase of α, a possible connection is sug-
gested with the interplay between the demagnetization
field and the perpendicular anisotropy field. An addi-
tional hint supporting this interpretation is given by the
fact that the for the 400◦C samples series, for which no
interface PMA is present, the relative increase in α from
the series minimum is the smallest, as well as the absolute
value for the thinnest film.
In summary, the damping properties of the Heusler
alloy Fe1.5CoGe and the perpendicular magnetic
anisotropy of the Fe1.5CoGe/MgO system have been
studied. From the thickness dependent magnetic prop-
erties for as-deposited and annealed series we obtained
a minimum value for α of 2.18 ± 0.03 × 10−3 for a
20 nm thick film. The evolution of the interface per-
pendicular anisotropy constant on the annealing temper-
ature is shown and compared with the standard inter-
face CoFeB/MgO. We found a large and dominant vol-
ume contribution to the PMA, which differs from CoFeB
or other well studied alloys as Co2FeAl and the inter-
face contribution suffers a sign change depending on the
annealing temperature. We explained the increase on
damping with decreasing thickness in terms of a coun-
terplay between demagnetizing field and interface PMA
and correlate it with the obtained values for K⊥S .
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